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Perfluoroalkyl acids (PF~) are used extensively both in 
industrial and consurrer products,1 but rESist degradation by 
conventional wcstewater trEEtrrent plants (WNTPs) and 
persist in both aqueous effluent and trffited biosolids.2

•
3 

Land-application of biosolids on crops can therefore fc£ilitate 
the entry of PF~ into the terrEStrial food web. Although 
PF~ are regulated in biosolids used as fertilizer for 
q:Jriculture in sorre parts of Europe (e.g., Bavaria),4 currently, 
there are no federal regulations in the U.S. that govern the use 
and application of biosolids l:esEd on PFAA concentrations.5 

Land-application of biosolids prirrnrily occurs on grain crops; 
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howe.ter, sustainability moverrents are encourqJing more 
liberal use of biosolids on horre gardens by consurrers. 

While Se.teral studiES have demonstrated uptake of PF~ 
into plants, the rrnjority of thESe studiES used either spiked 
systems or hydroponics which both dim from qJed field 
soils.4·

6
-

8 Blaineet al? have shown that edible crops can uptake 
PF~ from authentic biosolic:Js..arended soils. Both lettuce 
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Figure 1. Conc:eptrnl model of t:erfluorcx:arboxylate uptake as exhibited in a tomato plant. Approximate valUES are shown for ctmge in log 
bioa:::curnulation fa::tor per CF2 group. Root, shoot, and fruit concentration fa::tors are RCF, SCF, and FCF, respoctively. Uptake p3th\J\9Y is shown 
in the top right corner. Root cr~tion modified from Taiz and Zeiger.16 

IEEVES and tormto fruit had bioaxumulation foctors (BAFs) 
greater than one for short-chain perfluorocarboxylates 
(PFCAs).9 In addition, carbon chain length dependent trends 
were soon in lettuce IEEVES, resulting in an approxirmtely 0.3 log 
decra:re for a:dl CF2 group? Howe.ter, cs only the edible 
portions were analyzed, more general correlations betwEen 
plant compartment and PFAA accumulation were not made. In 
another recent grrenhouse study, an inversa relationship 
betwEen BAF and carbon chain length wcs also soon for 
PFCAs in alfalfa plants.1° Felizeter et al.8 studied accumulation 
of PF~ in hydroponic lettuce and found that long-chain 
PF~ accumulated more in the roots than in the foliage, 
wherecs for short-chain compounds, there wcs more trans­
location from the roots to the foliage.8 A more rn:JChanistic 
study by Wen et al.11 determined that PFOA and PFOS may 
have diment uptake rn:JChanisms in rmize; potential active 
uptake and entry by anion channels were suggESted for PFOA, 
while entry by aquaporins (water channels) or anion channels 
(difurent than the ones used by PFOA) were suggESted for 
PFOS. 

The translocation and partitioning behavior of a chemical in 
a plant is highly varied and complex. Various plant uptake 
models have been explored over the Jffi!S with the rmjority 
focusing on uptake of neutral hydrophobic chemicals l::e:ed on 
the octanol-water partition coefficient (f<ow).12

-
14 In thEse 

models, chemical uptake from soil is usually driven by [::lfffiive 
diffusion, cs only natural or structurally similar chemicals are 
actively transported,13 and srmll, neutral sutstana:s are most 
Effiily carried into the roots.15 Although oorly models indicated 
that plant uptake of hydrophilic (low log f<ow) chemicals wcs 
limited, a more recent empirical model indicates that 
hydrophilic chemicals are extensively taken up by plants.14 

Although there are some discrepancies among the various plant 
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uptake models, the bcsic pathway of chemicals within a plant is 
fairly well-defined. Chemicals can travel acrOffi the root cortex 
through the apoplcst (extracellular spcre) or symplcst (intra­
cellular spcre) until they rEECh the Ccsparian strip at the 
endodermis.16 At this point, they must crOffi through a cell 
membrane (Figure 1 ). While neutral, hydrophobic chemicals 
may Effiily r::>Cffi through a membrane, hydrophilic and/or 
ionized chemicals may have to r::>Cffi through cs neutral salts, 
through anion channels, or through water pores in the 
membrane.11

·
17 The Ccsparian strip acts cs an ion trap, 

allowing for higher concentrations of solutes in the xylem than 
in the pore water.16 

While nonpolar chemicals are mostly confined to the surface 
of root membranes due to lipid partitioning, polar chemicals 
can enter the transpiration strEEm and migrate throughout the 
plant.18

•
19 Once within the transpiration strEEm, a chemical can 

be transported throughout the plant, first to the shoot (i.e., 
stem and IEEVES) via the xylem and then to storage organs (e.g., 
fruit) via the phloem. The xylem and phloem are saparated by 
the vascular cambium, a single row of cells. Accumulation of 
solutes in plant cells nEEr the IEEVES helps drive translocation 
from source (e.g., IEEf) to sink (e.g., fruit) via a pressure-flow16 

model. As the concentration in a cell e:calates, water is 
al:sorbed osmotically thus building up hydrostatic pressure. 
The subsaquent movement of the water and solutes through 
the system of phloem sieve tubes equalizes the pressure. The 
sie.te tubes are saparated by sieve plates which allow flow 
through transport pores (plcsmodesrmta). Eventually, chem­
icals may be stored in cell vacuoles or in intercellular spcres. 
Neutral and ionized polar chemicals with low lipophilicity, low 
volatility, and high persistence are particularly prone to 
accumulation in the IEEVES and other sinks by phloem 
transport.20 PF~ ganerally meet thEse criteria. In particular, 
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PF~. being anionic at environrrental pH vaiUES,21 are 
generally nonvolatile, thereby eliminating potential rela:se 
into the air from the lESt stormta. 

This study evaluated the PFAA distribution in various plant 
structural compartrrents by exanining both the edible and 
nonedible portions of radish (RaphanusS3tivus), celery (Apium 
gra\IDIErs var. dulce), tormto (Lymrersimn lymr.ersicum), and 
sugar snap fJEE (Pisum S3tivum var. rna:;ra;arpon) grown in 
biosolic:Js..arended SJils. Radish repre:ents an edible root crop 
(i.e., below ground crop), although radish tops are aiSJ edible. 
Celery repre:ents an edible shoot crop (i.e., stem and lESt crop) 
although certain varietiES of celery are aiSJ harvESted for the 
bulb and SEeds. Tormto repre:ents an edible fruit crop. &.!gar 
snap pEE, a legul113, also repre:ents a fruit and edible SEed crop. 
Bioa:;cumulation fa::;tors for the root, shoot, and fruit portions 
were calculated. To our knowledge, this is the first study to 
exanine PFAA uptake in celery, snap pEE, and radish; in 
addition, it is one of the most detailed studiES addrESSing 
intercompartrrental translocation of PF~ in edible crop; to 
date. 

1111111111111111. 

Chemicals. Native perfluorinated standards and stable 
isotopES were obtained from Wellington LaboratoriES (Guelph, 
ON, Ganada) and prepared as per EStablished 1113thods.9 

AnalytES studied include perfluorobutanoote (PFBA), perfluor­
opentanoote (PFPe.<\), perfluorohexanoote (PFHxA), perfluor­
oheptanoate (PFHpA), perfluorooctanoote (PFOA), perfluor­
ononanoote (PFNA), perfluorodecanoote (PFDA), perfluor­
obutanESUifonate (PFBS), perfluorohexanESUifonate (PFHxS), 
and perfluorooctanESUifonate (PFOS; &.lpporting lnforrmtion 
(SI) Table S1). HPLC-grade 1113thanol (MeOH), high purity 
ChromaSJiv dichlor01113thane (DCM), and all other r~t 
grade SJivents \t\18re obtained from Sigma-Aldrich (St. Louis, 
MO). A Milli-Q system (Millipore, Billerica, MA) was U93d to 
provide water for extra:;tions, and HPLC-grade water was U93d 
for liquid chrormtography tandem mass spectr01113try (LC­
MS/MS) analysis. Chrormbond diamino from Mocherey-NC{Iel 
Inc. (Bethlehem, PA) and &Jpelcloon ENVI-Garb from Sigma­
Aldrich were used in extra:;t ciESnup. 

Greenhouse Study. Two biosolic:Js..arrended SJils as well 
as an unarrended control SJil \t\18re used in this study: a SJil 
arrended with industrially impa:;ted biosolids (industrially 
impa:;ted SJil), a SJil receiving multiple applications of 
municipal biosolids over a span of 20 yESrs (municipal SJil), 
and an unarrended control SJil. Although the control SJil was 
obtained from an unarrended field, its proximity to biosolids­
amended fields likely led to minor cross-contamination 
rESUlting in the detection of troce le.tels of PF~. Details on 
all three SJils can be found in Blaine et al} PFAA 
concentrations in the SJils are reported in the Sl Table 82. In 
general, SJils \t\18re sie.ted (6.3 mm) for homogeneity and pots 
were filled on a dry \t\18ight basis. Four edible crop; including 
radish, celery, tormto, and pEE \t\18re grown from SEed. Five pot 
replicatES were grown for 63ch crop in a:£h SJil. Pots \t\18re 
randomly arranged to occount for any spatial variations in light 
and temperature within the grrenhot..re. Additional information 
about propqJation and greenhot..re environrrental conditions 
are given in the Sl. Both edible and nonedible parts of all crops 
were harvESted (SI Table 83) at maturity and frozen at -20 oc 
in SESied plastic taJ; until extra:;tion. 

Extraction and Analysis. Sample Extraction. Prior to 
S3mple preparation, plant rmterial was homogenized using a 
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food prOCESSOr. Aliquots (0.5-2 g) of SJil or plant material 
were transferred to 50 ml polypropylene vials. To a:£h vial, 2 
ng of iSJtopically labeled surrogate standard was added. Plant 
S3mpiES \t\18re then extra:;ted with a 50/50 (v/v) SJiution of 
DCM and 99:1 (v/v) MeOH with ammonium hydroxide as 
detailed elseNhere;9 SJil S3mpiES obtained prior to plantin~ 
were extra:;ted l::e:ed on the protocol from Sapulvado et al. 
RESUlts for both plants and SJils are pre:ented on a dry weight 
basis. 

FFAA Analysis. All PF~ were analyzed with iSJtope 
dilution using LC-MS/MS under conditions outlined in 
pre.tious work,9 though the method was validated for the 
wide variety of plant rmtriCES included in the pre:ent study (SI 
Figure S1 ). Chromatography was performed using a Shimadzu 
LC-20AD unit (Kyoto, J3pan). SamplES were injected onto a 
Gemini C18 Column with a 3-iJm particle size (Phenorrenex, 
Torrance, CA). Two transitions for a:£h analyte \t\18re ol:mrved 
using an MDS&iexApplied BiosystemsAPI 3200 (MDS&iex, 
Ontario) with negative electrospray ionization operating in 
scheduled multiple rESCtion mode. No attempt to analytically 
difi:lrentiate between branched and unbranched iSJmers was 
made. 

Data Analysis. Quality Control. The SJftware Analyst was 
U93d for quanti tat ion in this study. For 63ch matrix, a minimum 
of 20 percent of the S3mpiES \t\18re extra:;ted and analyzed in 
triplicate. The relative standard deviation for analytical 
replicatES was lESS than 18%. Sample valUES are pre:ented as 
the mESn experirrental replicate value (n = 3 to 5). One 
extra:;tion blank with surrogate standard and one double blank 
without surrogate standard \t\18re prepared with 63ch batch of 
S3mpiES. Limits of quantitation (LOQ) ranged from 0.03 to 
0.71 ng/g; they \t\18re determined by the 10\t\18St calibration 
standard calculated to be within 30'/o of its octual value and 
were analyte, matrix, and run-dependent. LOQs were aiSJ 
required to be at IESSt twice as high as the highESt concentration 
in the corrESponding blanks and have signal-to-noise ratios 
grffiter than 30. To occount for any IO$ during the extra:;tion 
prOCESS, a:£h S3mple was fortified with iSJtopically labeled 
surrogate standards. PFBS was the only analyte that did not 
have a corrESponding surrogate; therefore, PFHxS was used (SI 
Table S1 ). &Jrrogate recoveriES for the S3mpiES avercgad 35% 
for root tiSSUES, 36% for shoot tiSSUES, and 40'/o for fruit tiSSUES 
ocr()$ all analytES. While IO\tVer than typical SJil surrogate 
recoveriES,3 this range is typical in plant matriCES8

•
22 due to 

rmtrix ion supprESSion. Native spike-recovery experirrents 
(which occount for surrogate log:e;) showed an averC{I8 native 
recovery of 73% in root tiSSUES, 80'/o in shoot tiSSUES and 71% 
in fruit tiSSUES for all analytES (SI Figure S1 ). PFBS showed 
IO\tVer native recovery than PFHxS dESpite the t..re of the S3me 

surrogate; this indicatES that PFHxS may not have corrected for 
additional rmtrix supprESSion of PFBS and thus PFBS valUES in 
this study may be slightly underEStirmted. All data pre:ented in 
this study are reported in terms of surrogate-corrected 
concentrations. 

Statistical Analysis. Data are shown cs mESns with standard 
errors. Statistical analyse; and regrESSion linES \t\18re calculated 
using OriginPro 9.0. Statistical difi:lrence of mESns was 
EStablished by an analysis of variance (ANOVA) with Tukey's 
TESt (a = 0.05); homogeneity of variance was ESSESSed by 
Le.tene's TESt (a = 0.05). 

Bioaccumulation Metrics. Bioaccumulation factors 
(BAFs), ratios between the chemical determined on a dry 
weight basis in the rESpective plant tissue and SJil, \t\18re 
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Figure 2. Concentrations of PFAAs in greenh01..re radish (a), celery (b), tomato (c), and pa3 (d) grown in indLStrially impeded SJil. Value; for 
tomato fruit are from a previoLSstudy.9 Bars repre:ent m:msand standard errors of ftve determinations. Value; le:o than the LOQ are denoted by <; 
LOQs for respective matrix and analyte are listed in Sl Table S4 and Table S5. 

calculated (eq 1) lea::ling to EStirrntions of root conrentration 
foctors (RCFs; Sl eq 81 ), shoot conrentration foctors (SCFs; Sl 
eq 82), and fruit conrentration foctors (FCFs; Sl eq S3). 

BAF = PFAAconrentration in plant tissue(ngg-1
) 

PFAAconrentration in soil(ngg 1
) (1) 

Due to the ionized nature of PFAAs at environrrental pH 
valUES (i.e.,~ 4 to 9), plant entry into the storrnta from the air 
WC£ a:;surra::l to be insignificant compared with uptake through 
the roots. BAFs were calculated using crops grown in the 
industrially impacted soil for a:dl PFAA that had conren­
trations in the plant tiSSUES above the LOQ. 

Root-pore water conrentrations (RCF pw) were calculated (SI 
eq S4) by dividing the conrentrations in the roots (ng/g) by 
the pore water conrentrations (ng/ml) derived in previous 
work? Briefly, pore water conrentrations were obtained by 
dividing soil conrentrations by the fraction of organic carbon in 

7861 

the soil and soil-water equilibrium r:artitioning coefficients 
obtained from Guelfo and Higgins.23 

In addition, intercompartrrental conrentration foctors (ratio 
of conrentrations on a dry weight basis) were calculated for 
shoot to root (SRCFs; Sl eq S5) and fruit to shoot (FSCFs; Sl 
eq 93). 

1111111111111111. 

Edible Portions. In the radish root grown in the industrially 
impacted soil, PFAA conrentrations were highESt for PFOA (67 
ng/g), PFBS (62 ng/g), PFDA (41 ng/g), and PFOS (35 ng/g) 
(Figure 2a); these four analytES also had the highESt 
conrentrations in the soil. In the municipal and control soils, 
PFBS conrentrations in the radish root were the highESt at 24 
ng/g and 22 ng/g, rESpeCtively (SI Table 54). For oolerygrown 
in the industrially impacted soil (Figure 2b), conrentrations of 
PFAAs in the shoot were grEEtESt for the short-chain (i.e., C6 
and below) compounds, PFBA (232 ng/g), PFPeA (148 ng/g), 
PFHXJ\ (137 ng/g), and PFBS (107 ng/g). Comr:aratively, 
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letture grown in the s:J'Tl3 roi I ha::l similar oonrentrations of the 
short-chain oompounds: PFBA (266 ng/g), PFPeA (236 ng/ 
g)_9 In the municipal roil, PFAA relery oonrentrations were all 
lESS than 8 ng/g with theexreption of PFOS (17 ng/g), which 
is most likely due to the relatively high oonrentration of PFOS 
and low oonrentrations of short-chain PF~ in the roil (SI 
Table S4 ). All PFAA oonrentrations in the relery grown in 
control soil were less than 6 ng/g (SI Table S4 ). 
Conrentrations of PF~ in the pEE fruit grown in industrially 
impa:;ted roil were highest for PFBA (150 ng/g) and PFPeA 
(46 ng/g); all PF~ were below LOQ (0.03-0.71 ng/g) for 
pa3 fruit grown in municipal and oontrol roils (SI Table S4). 
Although no quantifiable data WC£ oollected to rra:sure overall 
plant hoolth in EEch of the three roils, qualitatively, more robust 
growth WC£ ol:mrved for the plants grown in bi<IDI ic:Js.arended 
roils versus the oontrolroil. This incra:md vigor, in tum, likely 
led to incra:md transpiration, which may have promoted 
additional uptake of PF~. PFAA oonrentrations in the crops 
grown in the industrially impa:;ted and municipal roils were 
oompared to the oontrol (unarrended) trEEtments by an 
ANOVA tESt; statistical diterena:s are shown in Sl Figure 82. 
Low PFAA oonrentrations in the municipal and oontrol roils 
limited the ability to determine a::cumulation trends, and thus 
the remainder of the rESUlts and dis::t.lffiion focUSES on the crops 
grown in the industrially impa:;ted roil. 

Plant Compartments. PFAA oonrentrations in nonedible 
plant oompartments grown in the industrially impa:;ted roil 
were alro analyzed and plotted alongside edible oompartment 
oonrentrations in Figure 2. The oonrentrations of PF~ in the 
radish shoot follow the sarre trends as in the radish root (and 
the soil), but are approximately 5-10 times higher. 
Physiologically, radishEs lock the typical barrier (Gasparian 
strip) between the edible bulb and the above ground shoot.24 

The SNellen edible portion of the radish is octually forrra::l at 
the inteffi3Ction of the hypocotyl (embryonic stem) and the fine 
roots below; as the fine roots below the bulb are not generally 
ooten, they were not analyzed as part of the edible root portion. 
Therefore, although the analytES occumulate in the s:J'Tl3 

proportions, more a::cumulation is 33811 in the shoot, perhaps 
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due to the unrEStricted upward flow of PF~. For relery, the 
shoot and root portions do not have parallel oonrentration 
trends. The relery shoot has higher oonrentrations of short­
chain PFCAs while therelery root has higher oonrentrationsof 
long-chain PFCAs and perfluoroalkyl sultanatES (PFS6.s). The 
tomato plant has throo oompartments: root, shoot, and fruit. 
Within the tomato plant, the root has the highest 
oonrentrations of PFDA and PFOS, the longESt chain 
oompounds analyzed, wherEffi the tomato shoot has the 
highest oonrentrations of all the other PF~ exrept PFPeA. 
The majori~ of PF~ in the tomato fruit, as reported in 
Blaine et al., are short-chain oompounds. PEE roots and shoots 
exhibit similar rESUlts to the relery and tomato in that long­
chain oompounds are highest in the roots while short-chain 
oompounds are highest in the shoots. PEE fruit is similar to 
tomato fruit in that it a::cumulatES primarily the short-chain 
oompounds. 

Bioaccumulation. Ff=C6.5. Root to roil oonrentration 
foctors plotted versus carbon chain length of PFCAs for the 
four crops grown in the industrially impa:;ted roil are shown in 
Figure 3a; linoor trend linES with equations and a59JCiated 
errors are alro shown. In ganeral, the RCF valUES of celery are 
grEEter than the other throo crops, indicating more overall 
a::cumulation in relery root. This oould be due to the grEEter 
surfa::E arEE of relery roots or oou ld be oorrelated to the total 
water transpired during the duration of the crop. Tomato and 
pa3 have very similar RCF valUES, most likely rESUlting from 
similar root physiology and crop duration tim:s. The slopES of 
the trend linES for tomato and fJEE root are not statistically 
difurent from :zero (a = 0.05), indicating no preferential 
a::cumulation of short- or long-chain PFCAs in the root tiSSUES 
as oompared to roil. Both of thEse crops have thicker tap root 
systems which may allow larger oontaminants to cross the 
epidermis into the apoplast and yet be retained in the root 
tissue.17 The trend line for radish shows a slope of -0.12, 
indicating a slight preferenre for uptake of the short-chain 
oompounds. Taking into oonsideration that the edible portion 
of the radish root exhibits charocteristics of both root and stem 
as a hypoootyl, this diterenre oould reflect the prior impeded 
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Figure 4. Correlations for PFCAs between log SCF (a) and log FCF (b) and carbon taillergth in greenhotre ra:Jish, celery, tomato, and pa3 grown 
in indLStrially impa:;ted SJil. MEErS and standard errors are shown (n = 3-5). Li11631' regre:sions with slope; and intercepts; ax:ociated error values 
are shown r:arenthetically after a:d1 coeffi::ient. 

moverrent of long-chain oompounds by the Gasp3rian strip 
during traJSiocation from the fine roots to the bulb. In this way, 
the radish data re:ernble more of a shoot trend than the 
expocted root trend. Hovvever, other entryways into the 
hypoootyl may be poffiible (aquaporins or diroct diffusion 
through hypoootyl endodermis) thus allowing more long-chain 
oompounds than 33811 in the other crops.24 The trend line for 
relery ha5 a more obvious downward slope of -0.17, showing 
preferential entry for short-chain PFCAs. This oould be due to 
the foct that relery ha5 a very finely branched root system that is 
more likely to filter out larger oontaminants by the Gasp3rian 
strip at an oorly entry point. RCF pw valUES \tVere also calculated 
for PFCA a::cumulation in the four crops (Figure 3b). When 
plotted versus chain length, all four crops exhibit aU-shape that 
is oonsistent with the trend reported by Felizeter et al.8 for 
hydroponically grown letture and by Krippner et al? for maize. 
PFBA a; \t\1811 a; the long-chain PFCAs have higher sorption 
tendenciES to organic carbon,23 thus reducing their ooncen­
trations in the pore water and driving up the RCFpw· 

Shoot to soil ooncentration foctors plotted versus PFCA 
chain length are shown in Figure 4a with oorrESponding linEEr 
trend linES, equations and a;sociated errors. Comparing among 
crops, relery shoots have higher a:x;umulation of the short­
chain PFCAs, likely due to exclusion of long chain PFCAs by 
the roots, while radish and tomato shoots have higher 
a::cumulation of the long-chain PFCAs. Pea shoots have the 
lea;t amount of a:x;umulation; perhaps the woody, dry 
charocteristics of its stem and its minimal IEEVES redure the 
available a::cumulation arEE in the shoots. Celery, tomato and 
pEE SCFs show a c:lEcrEa;e of 0.36, 0.20, and 0.30 log units, 
rESpECtively, per CF2 moiety. As thEre SCFs enoomp:m the 
moverrent of PFCAs traveling from soil through the root to the 
shoots, the slightly larger value for relery (0.36) may reflEct the 
foct that the preferential a::cumulation of short-chain length 
oompounds in the relery root is oompounded by additional 
incra:sed s:lloctivity from the root to shoots. When shoot-to­
root ( interoompartmental) foctors are oompared (SI Figure 
S3a), relative PFCA a::cumulation from roots to shoots are 
similar for relery and tomato; pea sho\tVS the grEEtESt log 
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docra:m per CF2 moiety. Overall, the preferential exclusion of 
long-chain PFCAs 33811 in relery, tomato, and pea shoots is 
oonsistent with the trend found for letture shoots ( c:lEcrEa;e of 
0.31og units) in Blaineet al? and for maize shoots in Krippner 
et al? Relative PFCAa::cumulation in radish shoots, howe.ter, is 
an exception: the trend of log SCF vs chain length is 
significantly flatter and the slope is statistically equivalent (a 
= 0.05) to the log RCF trend line (Figure 4a), rESUlting in no 
preferential a:x;umulation of long- or short-chain PFCAs in the 
radish shoot a; oompared to the root (SI Figure S3a). 
Considering that once PFCAs are in the radish root 
(hypoootyl), no Gasp3rian strip pre.tents upward translocation 
to the shoot; this lock of a trend is oonsistent with the 
Gasp3rian strip s:lrving a; an important barrier to the interplant 
moverrent of long-chain PFCAs. Although, trend-wis:l, the 
radish root and shoot a:x;umulation patterns oorrelate, more 
overall a:x;umulation is 33811 in the shoot sinre after entry into 
the edible bulb, oontaminants are sul:mquently transported 
upward with the flow of xylem and then a::cumulate in the 
IEEVES. There is potential for SO!'Tl:l of the smaller PFCAs to 
return to the bulb via the phloem a; the plant storES nutrients 
for the winter in the bulb; however, this translocation is likely 
insignificant a; radish is harvESted before dormancy. In 
addition, small incra:a:s of PFAA ooncentration in the bulb 
may be ots:;ured by growth dilution. 

Fruit to soil oonrentration foctor valUES for tomato and pea 
fruits for eoch PFCA are generally similar (i.e., on the S3ITB 

order of magnitude); however, variations in the valUES still exist 
due to the myriad of ditaenCES in the physiology of the roots 
and shoots encountered during traJSiocation. In both tomato 
and pea plants, oontaminants enoounter additional mambrane 
barriers (e.g., the cambium) in order to be loaded into the 
phloem and transported to their final dEStination (i.e., the fruit 
oompartment). Additional chain length exclusion is e.tidenced 
by the dECra:m of 0.2 to 0.3 log units per carbon chain length 
for fruit to shoot oonrentration foctors (SI Figure S3b) 
rESUlting in cumulative dECra:a:s of 0.54 and 0.58 log units per 
carbon chain length for fruit to soil a:x;umulation foctors 
(Figure 4b ). 
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PfS6.s. Biooccumulation factors for PFSP.s were also 
calculated (SI Table 93); however, as only three analytES 
were studied, chain length trends were not calculated with 
linEEr rEgrESSions. DitaencESbetwren PFC~and PFSI>,sSEem 
to I'TlC{Inify from the roots upward. In the roots, all analyte 
RCFs are below 5, with the exception of PFBA ValUES for 
SCFs for PFS,6,s are all below 8, compared to the SCFs for the 
short-chain PFC~ which ra:dl up to 50. In tomato and pEE, 
valUES of FCFs for PFS,6,s are all below 1, while valUES for short­
chain PFC~ are primarily grESter than 1. A more direct 
comparison can be made by comparing similar chain length 
analytES (e.g., PFPeA to PFBS or PFNA to PFOS). PFPeA has 
significantly higher valUES than PFBS for the relery and tomato 
SCFs as well as for both tomato and fJEE FCFs; PFNA 
comparES fairly well to PFOS with the only significant 
difurenre being slightly higher SCF valUES in relery, tomato, 
and pEE for PFOS. ~ the core structurES of PFC~ and PFS,6,s 
are almost identical, the larger si2e of the sulfonate headgroup 
may be a contributing factor to the occumulation difurenCES in 
the shoots and fruits for short-chain analytES. For larger 
analytES that are alfffidy rEStricted l:a3Ed on si2e, the larger 
hEa:lgroup may not matter as much. Other difaencES in 
occumulation patterns may be due to difuring uptake 
rn:dlaniSI115 betwren PFC~ and PFS6.s.11 

Conceptual Model and Implications. Figure 1 shows a 
conceptual model of PFCA accumulation in tomato, a typical 
three compartment crop. The primary translocation pathway 
for PFC~ is illustrated via an enlarged root cross s;:ction and 
an outline showing moVEm31lt of PFC~ from the soil all the 
way to the phloem. In addition, approximate bioaccumulation 
factors are shown for a tomato plant indicating increcsing 
discrepancy in PFCA accumulation per CF2 moiety with 
acropetal moverrent. Although the s::ope of this study was not 
fully rn:dlanistic, uptake and distribution factors likely include 
specific plant physiology and transpiration rate pararreters. 

In general, chain length dependent accumulation is sren as 
PFC~ translocate upward from the roots. Each crop is 
anatomically difurent, prES3nting unique biological l:arriers in 
the translocation proa:ss; however, some common tarriers do 
exist, namely the Casparian strip and in general, the perrl"Eation 
of membranES. To efi::ctively model plant uptake of PF~. 
thEre various crop-specific factors as well as contaminant­
specific factors must be considered. Plant factors examined in 
this paper were root structure and number of compartments, 
while the contaminant-specific factors examined included chain 
length and hEa:lgroup. Without plant-specific data, the bESt 
prediction that can be made consists of a generalization about 
plant compartment occumulation. In general, the data 
prES3nted here suggESt edible fruit crop; accumulate fEWer 
long-chain PFC~ than do edible shoot or root crop;. For 
exanple, one would expect that 5 g of PEffi or tomatOES would 
contain roughly 5-25 timES lESS PFOA than 5 g of relery or 
radish grown in the s:J'Tl3 soil. With a good understanding of 
plant physiology, it may be possible to extrapolate thEre 
generalizations to other crop;; however, caution is warranted 
sinre visually similar crop; can have anatomical or physiological 
difurenCES that can significantly alter uptake potential. In terms 
of analytES, there is a much larger dis:;repancy; one could expect 
that shoot and fruit crop; may have 1-3 orders of I'TlC{Initude 
more PFBA than PFOA if thEre two analytES are prES3nt in 
equal concentrations in the soil. With industry trends shifting 
toward the use of short-chain PF~. it is important to 
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recogni2e this incra:m:::l potential of PFAA entry into the 
terrEStrial food chain via plants. 

With rESpeCt to overall exposure, it is unlikely that edible 
crop; grown in soils conventionally arrended for nutrients with 
biosolids (that are not impacted by PFAA industriES) are a 
primary sourre of long-chain PFAA exposure to humans; this 
has also bren suggESted from recent food basket studiES.25 

However, in the al:rence of comprehensive toxicological data 
on short-chain PF~. precaution may be warranted for 
production of fruit or shoot crops grown in PFAA 
contaminated soils. More work is needed to dis::ern all 
applicable factors needed to comprehensively rn:dlanistically 
model PFAA uptake in plants. 
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